Femtosecond two-color vibrational pump-probe spectroscopy is used to investigate the interaction between the NH-and CO-stretch vibrations in a rotaxane composed of a benzylic amide macrocycle mechanically locked onto a succinamide-based thread. From the transient absorption spectrum, we obtain the cross anharmonicities and cross-peak anisotropies arising from the NH(macrocycle)/CO(macrocycle) and NH-(macrocycle)/CO(thread) interactions. The cross-peak anisotropies are used to determine angles between NH and CO bonds in the macrocycle and the thread, providing structural information with picosecond temporal resolution. The CO and NH groups that form the macrocycle-thread hydrogen bonds are found to interact much more strongly than the CO and NH groups in other molecular systems containing the same NH‚‚‚OC hydrogen-bond motif. We attribute this enhancement of the NH/CO anharmonic interaction to a cooperative effect, by which the two ring-thread hydrogen bonds sharing a hydrogen-bond acceptor mutually amplify each other. The relaxation dynamics of the NH/CO cross peaks has also been investigated. Surprisingly, the NH/CO cross peak observed upon exciting the NH-stretch mode decays much more slowly than the corresponding diagonal NH-stretch peak. This can be explained by the presence of an intermediate state that becomes populated in the NH-stretch vibrational relaxation and that is coupled to the CO-stretch mode. Our results demonstrate that NH/CO heterovibrational 2D-IR spectroscopy is well suited to observe the elementary hydrogen-bond making and breaking steps involved in the motion of rotaxane-based molecular devices.
I. Introduction
It has recently become possible to synthesize molecular assemblies that are capable of mechanical functions resembling those of machines. 1, 2 At present, relatively little is known about the nature of the motions in such molecular systems. In particular, the dynamics of the noncovalent interactions that govern the movements of the connected components with respect to each other are generally only investigated on the NMR time scale (milliseconds to seconds). However, the component elementary motions necessarily involve interactions with molecules of the surrounding medium and take place on a picosecond time scale. Similar considerations apply to energy dissipation. The efficiency with which a molecular device can convert externally supplied energy into work is determined by competing relaxation processes, and many of these, in particular vibrational relaxation, take place on a picosecond time scale. 3, 4 Investigation of the motions of molecular devices requires time-resolved observation of working machines with ultrafast temporal resolution. The time-resolved structural probing required for this purpose can be achieved using the recently developed technique of two-dimensional infrared (2D-IR) spectroscopy. [5] [6] [7] [8] [9] [10] 2D-IR Spectroscopy can be regarded as the optical analogue of 2D-NMR spectroscopy; 11 when two vibrations are coupled, this gives rise to cross peaks in the 2D-IR spectrum. From the intensity of these peaks, the coupling strength between the vibrations can be obtained. 6, 7 Since the coupling is determined by the distance and orientation of the coupled vibrating bonds, [12] [13] [14] [15] [16] a 2D-IR spectrum gives structural information analogous to that of 2D-NMR (where couplings between spins are used for the same purpose 11 ) but with a time resolution on the order of a picosecond (determined by the pulse duration and the free-induction decay of the vibrational transition). In addition, 2D-IR also gives information about the vibrational relaxation; from the time dependence of the diagonal peaks, the decay of the vibrational excitation can be directly monitored, again with picosecond temporal resolution.
Rotaxanes and catenanes 17 are often thought of as potential building blocks for molecular devices. 1, 2 In amide-based systems, 18 their operation as machines involves the making and breaking of NH‚‚‚OC hydrogen bonds between the constituent components. 19 When there is more than one hydrogen-bonding site, externally induced changes in the hydrogen-bond affinities can be used to move the components with respect to each other in a controlled way, an effect that has been used to construct rotaxane-based molecular shuttles, 19 motors, 20,21 and ratchets. 22 Couplings between the vibrations of the NH and CO bonds that are involved in the intercomponent hydrogen bonds should be very sensitive to the instantaneous structure of rotaxane devices and, therefore, ideally suited for studying their motions in timeresolved 2D-IR experiments. Such couplings between different types of vibrating chemical bonds can be regarded as the vibrational analogue of heteronuclear couplings in NMR. 11, 16, 23 NH/CO Heterovibrational couplings have previously been measured in dipeptides 24 and small organic molecules. 25 These NH/CO couplings are of general physical and chemical importance, as they occur not only in rotaxanes but also in basepaired DNA and in peptides. 24, 26 In each of these systems, the values of the NH/CO coupling strength is directly related to the molecular conformation.
Here, we show how NH/CO heterovibrational couplings can be used to probe the co-conformation 27 of rotaxane-based devices. The time resolution of the structural probing is on the order of a picosecond (determined by the convolution of the free-induction decay with the pulse duration), which makes the observation of fast molecular motions possible. 28 Here, we do not yet report on such motions but will focus on the relationship between the observed vibrational couplings and the molecular conformation. We use two-color IR pump-probe spectroscopy to study a [2]rotaxane consisting of a benzylic amide macrocycle mechanically locked onto a succinamide-based thread and held in position by a network of four NH‚‚‚OC hydrogen bonds (see Figure 1 ). This rotaxane, of which we previously investigated the CO/CO ("homovibrational") interactions, 29, 30 is representative of a large class of rotaxane-and catenane-based devices that includes molecular shuttles and motors. 19 We also investigate the relaxation dynamics of the NH-and CO-stretch modes and of the NH/CO cross peaks. Apart from the importance of vibrational relaxation in determining the energy conversion efficiency of molecular devices, knowledge of the relaxation rates and pathways is essential for the interpretation of heterovibrational 2D-IR spectra since different T 1 lifetimes of coupled modes may give rise to apparent delay dependences of the observed couplings.
II. Materials and Methods
Two types of experiments have been performed, one-color experiments, in which the same vibrational mode (either NHor CO-stretch) is pumped and probed, and two-color experiments, in which the NH-stretch mode is excited and the COstretch modes are probed. The setup employed in the one-color experiments is based on the design reported by Hamm et al. 32 An optical parametrical amplifier (OPA) based on BBO is pumped by a commercial Ti:sapphire laser system (Spectra-Physics Hurricane, 1 mJ, 100 fs). To excite the CO-stretch modes, the output of the OPA (energy of signal + idler ∼ 100 µJ) is used to generate mid-IR pulses using difference-frequency generation of signal and idler in AgGaS 2 . The resulting mid-IR pulses at 1650 cm -1 have a duration of ∼200 fs, an energy of 1 µJ, and a bandwidth of ∼150 cm -1 (fwhm). To excite the NH-stretch mode, the BBO-doubled idler from the OPA is mixed in KTP with 200 µJ of residual 800 nm light from the Hurricane. The resulting mid-IR pump pulses at 3450 cm -1 have a duration of ∼100 fs, an energy of 10 µJ, and a bandwidth of ∼200 cm -1 (fwhm). In the two-color experiments, we use a setup consisting of two OPAs based on BBO that are pumped by a commercial Ti:sapphire laser system (Quantronix Titan, 2.4 mJ, 100 fs). Using the same approach as above to generate 3 and 6 µm, we obtain 15 µJ light at 3450 cm -1 (150 fs, fwhm ∼ 100 cm -1 ) and 1 µJ at 1650 cm -1 (200 fs, fwhm ∼ 200 cm -1 ).
The probe and reference pulses are obtained from the generated IR light by reflection from the surfaces of a wedged BaF 2 window. The pump and probe pulses are focused and overlapped in the sample by means of an f ) 100 mm off-axis parabolic mirror (focal diameters of ∼400 and ∼250 mm for pump and probe, respectively), and transient absorption changes are measured by frequency-dispersed detection of probe and reference pulses using a 2 × 32 HgCdTe array detector. The polarizations of the pump and probe pulses are set either parallel or perpendicular with respect to each other by means of a zeroorder half-wave plate. The time response of both experimental setups is determined from cross-correlation experiments in CaF 2 .
The synthesis and purification of the rotaxane have been described in detail elsewhere. 31 All experiments are carried out at room temperature on a 2.5 mM solution of the rotaxane in CDCl 3 . To remove traces of water from the CDCl 3 , it is distilled at atmospheric pressure, and the rotaxane solution is prepared under an Ar atmosphere. The sample is kept in a sealed cell consisting of two CaF 2 windows separated by a 1 mm spacer. We observe a nonresonant response (mainly from the solvent) at delays where the pump and probe pulse are temporally overlapped. To ensure that these nonresonant effects do not influence the quantitative interpretation, all data analysis is done starting from delay values (400 fs for the NH-pump/NH-probe; 700 fs for the other experiments) at which the nonresonant contribution has become negligible compared to the resonant signal. In some of the measurements, a small thermal contribution to the signal is observed at long pump-probe delays. This thermal signal is due to a small increase in the temperature of the sample after vibrational relaxation (at most 0.1 K, as estimated from the focal diameter and pulse energy). In the leastsquares fitting of the data, this thermal contribution is assumed to grow in with the rate of the vibrational relaxation.
III. Results and Discussion
A. General Considerations. Figure 2 shows the steady-state absorption spectrum of the [2]rotaxane in CDCl 3 . The peaks at 1610 and 1660 cm -1 are due to the CO-stretch modes of the thread and the amide I mode of the macrocycle, respectively. 29 The peak at 3370 cm -1 is due to the amide A mode of the macrocycle (the thread does not contain any NH groups). As the amide I mode involves mainly the stretching of the CO bond and the amide A mode mainly that of the NH bond, in the following, these modes will simply be referred to as CO-and NH-stretch modes, respectively. Because of the symmetry of the rotaxane, the two CO groups in the thread are equivalent, and the same holds for the four CO groups and four NH groups The insets show the angles θCO(thread)-NH and θCO(m.cycle)-NH that have been determined from the NH/CO(thread) and NH/CO(m.cycle) cross anisotropies; see Section III.D.2. In the amide group, there is an angle of ∼20°between the CO-stretch transition dipole and the CdO bond. 12 in the macrocycle. The amplitude of the peaks of the CO-stretch modes is much larger than that of the NH-stretch modes, but the frequency-integrated absorption cross sections are comparable since the fwhm of the NH-stretch band is larger by approximately the same factor. In all experiments, the power spectrum of the excitation pulse is much broader than the widths of the absorption bands that are resonantly excited. Hence, spectral diffusion is not observable in the experiments. In the following, we first discuss the relaxation dynamics of the NHand CO-stretch modes (Sections III.B and III.C) before describing the NH/CO interactions (Section III.D).
B. NH-Stretch Mode. The linear and the transient absorption spectra for parallel and perpendicular polarizations of the pump and probe beams are shown in Figure 3a . From the ratio of the parallel and perpendicular signals, we find an anisotropy of 0.36, close to the theoretically expected value of 0.4. From the transient spectra, we can determine the diagonal anharmonicity (difference between the V ) 0 f 1 and V ) 1 f 2 transition frequencies) of the NH-stretch mode. Since the power spectrum of the excitation pulse is much broader than the NH-stretch absorption band R 0 (ν), the entire absorption band is excited simultaneously. As a consequence, spectral diffusion is not observable, and the absorption change due to ground-state bleaching and stimulated emission can be well described by a negative contribution with the shape of the steady-state absorption spectrum R 0 (ν). We assume that the V ) 1 f 2 line shape is similar to the V ) 0 f 1 line shape but allow for a difference in width (to account for faster dephasing of the V ) 1 f 2 transition as compared to the V ) 0 f 1 transition, for instance, as a consequence of faster vibrational relaxation of the V ) 2 state) and an intensity scaling factor (to allow a deviation from the harmonic approximation in which this scaling factor would be unity 33 ). Using a Gaussian to describe R 0 (ν), this simple approach provides a good description of the observed ∆R(ν) (see Figure 3a ). From a least-squares fit to the data at 1 ps delay, we obtain a value of 153 ( 4 cm -1 for the NH-stretch anharmonicity, similar to the values reported elsewhere for the diagonal anharmonicities of the NH-stretch (amide A) mode of amide groups in peptides. 24, 26 Figure 3b shows the transient absorption change as a function of delay between the pump and probe pulses for several probing frequencies. We find that the delay dependence can be well described by a single-exponential decay, and from a simultaneous least-squares fit to the delay-dependent absorption changes at all probing frequencies (using the same time constant for all frequencies), we find an excited-state lifetime T 1 of 2.24 ( 0.12 ps. The observed lifetime is significantly longer than the 0.58 ps observed for the dipeptide acetyl proline-OMe in chloroform. 24 In chloroform, acetyl proline-OMe is in the C 7 conformation, which contains an internal NH‚‚‚OC hydrogen bond, leading to a red-shifted NH-stretch frequency of 3333 cm -1 . This NH-stretch frequency is lower than that of the rotaxane (3370 cm -1 ), which implies that the hydrogen bonding in the dipeptide is stronger than in the rotaxane. The stronger hydrogen bonding probably explains the faster vibrational relaxation in the peptide as compared to the rotaxane, as stronger hydrogen bonding generally increases the rate of vibrational relaxation. 34 C. CO-Stretch Modes. Figure 4a shows the transient absorption change upon exciting the CO-stretch region (the spectrum of the pump pulse covers both the thread and macrocycle CO-stretch modes). The spectrum can be quantitatively analyzed in the same way as the NH-stretch mode; the absorption bands of the thread and macrocycle CO-stretching modes are each modeled by a Gaussian, and the transient absorption spectrum of each mode as the sum of a bleaching/ stimulated-emission part identical to the absorption band and a red-shifted induced absorption, which is modeled as a Gaussian. From a least-squares fit, we find diagonal anharmonicities of 10 ( 3 and 5 ( 3 cm -1 for the thread and macrocycle COstretch modes, respectively, in agreement with the estimate from the 2D-IR spectrum. 29 To investigate if energy transfer between the CO-stretch modes occurs, 35 we have also performed experiments in which either the thread or the macrocycle CO-stretch mode is selectively pumped with a narrow-band pump pulse (fwhm 13 cm -1 ), and both modes are probed. We then observe decays with the respective T 1 's at the tread or macrocycle mode but no significant energy transfer between the modes. The delay dependence of the absorption change is shown in Figure 4b ,c. From simultaneous least-squares fits of exponential decays for the CO-stretch modes of the thread and of the macrocycle, we find T 1 values of 0.79 ( 0.12 and 0.96 ( 0.07 ps, respectively. D. NH-CO Interactions. 1. Cross Anharmonicities. The response of the CO-stretch modes upon excitation of the NHstretch mode is shown in Figure 5a together with the NH-stretch response. This graph can be regarded as a cross section through a two-dimensional IR spectrum, where the NH-response is the diagonal peak and the positive-negative doublets in the COstretch region are cross peaks. For both CO-stretch modes, the signal rises instantaneously (within the system response of ∼250 fs). This implies that no energy transfer from the NH-stretch to either of the CO-stretch modes takes place since such energy transfer would imply an ingrowth of the CO-stretch signal with a time constant equal to the ∼2.2 ps lifetime of the NH-stretch mode. Hence, the NH-CO cross peaks must be due to coupling between the NH-and CO-stretch modes. From the shape and amplitude of each of the two CO-stretch cross peaks, the corresponding cross anharmonicity (the difference between the frequency of the The solid black and red lines show the pump-probe spectrum at 1 ps delay for parallel and perpendicular polarization, respectively. (b) Delay dependence of the thread CO-stretch response at 1599 (red points) and 1613 cm -1 (blue points) and of the NH-stretch response at 3242 cm -1 (gray points). The probing frequencies are indicated by arrows in the inset. (c) Delay dependence of the CO-stretch response of the macrocycle at 1640 (red points) and 1665 cm -1 (blue points) and of the NH-stretch response at 3242 cm -1 (gray points). The green curve shows a single-exponential fit to the CO-stretch data; the red and blue curves are double-exponential fits.
determined, 6, 36 as well as the cross-peak anisotropy (dependence on the relative polarization of pump and probe). 6 The latter is defined for two coupled vibrations, i and j, as 6 where ∆R ij || and ∆R ij ⊥ are the cross-peak intensities for parallel and perpendicular polarizations of the pump and probe pulses. The shape of each cross peak can be described as the sum of a negative part caused by the bleaching of the common vibrational ground state upon excitation of the NH-stretch mode and a positive part due to the induced absorption from the |V NH ) 1,V CO ) 0〉 to the |V NH ) 1,V CO ) 1〉 state (which occurs at a frequency lower than the fundamental
where it is assumed that the CO-stretch line shape R 0 (ν) does not change upon excitation of the NH-stretch mode. We model each of the two cross peaks (for the macrocycle and thread COstretch modes) by the above expression using Gaussians for R 0,thread (ν) and R 0,m.cycle (ν), which we obtain from a least-squares fit to the steady-state absorption spectrum. Fitting this model to the CO-stretch transient spectrum, treating the two cross anharmonicities ∆ CO(thread)-NH and ∆ CO(m.cycle)-NH and the crosspeak anisotropies as free parameters, we obtain the fit shown as the solid curves in Figure 5a . From this fit, we obtain ∆ CO(thread)-NH ) 9.5 ( 2.2 cm -1 and ∆ CO(m.cycle)-NH ) 5.1 ( 2.4 cm -1 for the cross anharmonicities and R CO(thread)-NH ) 0.15 ( 0.03 and R CO(m.cycle)-NH ) 0.22 ( 0.04. The cross anharmonicity between the NH-stretch and CO m.cycle -stretch mode is essentially a property of the amide group and should, therefore, be comparable to the cross anharmonicity observed between the NH-stretch (amide A) and CO-stretch (amide I) modes of the amide group in acetyl proline-OMe in chloroform. For the latter, a value of 3.5 ( 0.3 cm -1 is observed, 24 slightly less than the 5.1 ( 2.4 cm -1 observed here. The larger cross anharmonicity in the rotaxane is probably due to the presence of double hydrogen bonds in this molecule; see below.
The ∆ CO(thread)-NH cross anharmonicity arises from interaction between the macrocycle NH and thread CO groups across the hydrogen bond connecting them. Although this interaction is very sensitive to the strength and direction of the NH‚‚‚OC hydrogen bond, a quantitative interpretation of the observed cross anharmonicity in terms of specific conformational parameters requires detailed quantum chemical modeling of the influence of hydrogen bonding on the cross anharmonicity. At present, theoretical work in this direction is actively being pursued. 15, 37, 38 It is interesting to compare the value of 9.5 ( 2.2 cm -1 observed for the NH/CO thread cross anharmonicity to that between the hydrogen-bonded NH and CO groups in the peptide acetyl proline-OMe. In chloroform, this peptide adapts the C 7 conformation and contains an internal NH‚‚‚OC hydrogen bond. 24 Both in the peptide and in the rotaxane, the NH/CO cross anharmonicity arises mainly from through-hydrogen-bond effects. In the peptide, the NH-stretch frequency is lower than that in the rotaxane (3333 vs 3370 cm -1 ), which implies that the NH‚‚‚OC hydrogen bond is stronger in the peptide than in the rotaxane. 39 One would therefore expect a stronger NH/CO anharmonic interaction in the peptide and hence a higher NH/ CO cross anharmonicity. Surprisingly, the exact opposite is observed; the cross anharmonicity of the CO and NH groups connected by the hydrogen bond is much smaller in the peptide (1.4 ( 0.4cm -1 ) 24 than in the rotaxane (9.5 ( 2.2cm -1 ). We believe that the stronger anharmonic interaction between the NH-and CO-stretch modes observed in the rotaxane is most probably due to a cooperative effect 39 of the two NH‚‚‚OC hydrogen bonds coordinated to the same CO group (see Figure  1 ). Each NH‚‚‚OC hydrogen bond-polarizes the charges of the CO group, and this polarization of the CO group enhances the anharmonic NH/CO interaction through the other NH‚‚‚‚‚OC hydrogen bond. Hence, even though the individual hydrogen bonds are weaker in the rotaxane than in the peptide, the cooperative effect of a double hydrogen bond to the same acceptor leads to an amplification of the anharmonic NH/CO interaction, giving rise to the larger NH/CO cross anharmonicity in the rotaxane. This enhancement of anharmonic interactions should occur in all doubly-hydrogen-bonded systems, notably in DNA and protein structures. In DNA, the CO groups of the nucleotides simultaneously form hydrogen bonds to the NH groups of the complementary bases and to the OH groups of the solvating water. 40, 41 In alpha helices, the amide CO groups simultaneously hydrogen bond to amide NH groups and the solvating water. 42 Our measurements suggest that rotaxanes might be suitable model systems for studying hydrogen-bond cooperativity in these more complicated and heterogeneous biochemical structures since the hydrogen-bond geometry in rotaxanes is well defined.
2. Cross Anisotropies and Structural Information. The crosspeak anisotropies R ij are directly related to the angle θ ij between the transition-dipole moments of the coupled vibrations 6 From the cross anisotropies R CO(thread)-NH ) 0.15 ( 0.03 and R CO(m.cycle)-NH ) 0.22 ( 0.04, we obtain angles θ CO(thread)-NH ) 139 ( 3°and θ CO(m.cycle)-NH ) 33°(see Figure 1 for the definition of the angles). The angle of 33 ( 4°between the NH-and CO-stretch mode transition dipoles of the amide group of the macrocycle is very similar to the value of 34.5 ( 3°f ound for this angle in the amide group of acetyl proline-OMe, 24 a peptide in which the amide group forms an internal NH‚‚‚OC hydrogen bond (in non-hydrogen-bonded peptides, a smaller value of 23 ( 3°is found 43 ). The similarity of the dipole-dipole angles in the rotaxane and in the hydrogen-bondcontaining peptide suggests that the value of this angle is determined mainly by the presence (and strength) of a hydrogen bond, independent of whether the amide group is in a peptide or in a rotaxane. Assuming an angle of 20°between the amide I transition dipole and the CdO bond, 12 we obtain an angle ∠(N-H,CdO m.cycle ) of ∼15°, close to the value of 12°in the X-ray structure. 31, 44 The angle between the NH-stretch mode of the macrocycle and the CO-stretch mode of the thread is directly related to the relative position and orientation of the two rotaxane components. Assuming that the CO-stretch transition dipole is parallel to the CdO bond and the NH-stretch transition dipole is parallel to the N-H bond, 12 we predict an angle ∠(N-H,CdO thread ) (indicated in Figure 1 ) of 139°from the observed cross-peak anisotropy. This value again agrees fairly well with the angle in the X-ray structure, 31 which is ∠(N-H,CdO thread ) ) 114°. 44 The discrepancy may be due to a difference between the solution and X-ray structures but could also be due to a small angle between the thread CdO bond and the CO-stretch transitiondipole moment. It may be noted that, although both the cross
R ij ) (3 cos 2 θ ij -1)/5
(2) anharmonicity and the cross anisotropy are sensitive probes of the rotaxane co-conformation, unlike the cross anharmonicity, the cross anisotropy can be used in a straightforward manner to obtain quantitative information (notably the angles indicated in Figure 1 ) about the relative orientation of the macrocycle and the thread.
NH-CO Cross-Peak Dynamics.
We have studied the crosspeak relaxation dynamics in the rotaxane by measuring twocolor pump-probe spectra as a function of delay. In these experiments, the NH-stretch mode is excited, and the dynamics of the CO-stretch modes is probed. The result for the CO threadstretch mode of the thread is shown in Figure 5b . From a leastsquares fit (solid lines in Figure 5b ), we find that the decay of the CO thread -stretch response occurs with a time constant of 2.36 ( 0.15 ps (and a very small component with a time constant of 18 ( 4 ps). This decay exactly matches that of the V ) 1 population of the NH-stretch mode (T 1 ) 2.24 ( 0.12 ps), as can be seen from the gray curve which represents the decay of the NH-stretch excited-state absorption. Together with the instantaneous ingrowth of the CO-stretch signal, this implies that the NH-CO thread cross peak is caused purely by a coupling between the NH-stretch mode and the CO thread -stretch mode and involves no other modes; the cross peak vanishes together with the V ) 1 population of the NH-stretch mode.
Interestingly, in case of the macrocycle CO-stretch mode, the decay of the cross-peak intensity is much slower than that of the NH-stretch excited-state population; see Figure 5c . From a simultaneous biexponential least-squares fit, we find decay constants of 2.4 ( 0.2 and 7.2 ( 0.12 ps, respectively, with comparable amplitudes for the two components. The data cannot be described by a single-exponential decay (green curve in Figure 5c ). Apparently, the CO-stretch mode of the macrocycle is coupled not only to the NH-stretch mode but also to another mode, which we will refer to as X. Since a coupling between the macrocycle CO-stretch mode and mode X is observed after excitation of the NH-stretch mode, we can conclude that mode X acts as an accepting mode in the energy relaxation of the NH-stretch mode; see Figure 6 . A similar phenomenon has been observed in the cross-peak dynamics of peptides. 24 The relaxation of the NH-stretch mode involves a transfer of the vibrational energy to mode X, which acts as an intermediate state in the vibrational relaxation process. The excited-state of mode X is thus populated with a time constant equal to the T 1 of the NH-stretch mode, and it subsequently relaxes with a time constant τ. The CO m.cycle -stretch mode is coupled to both the NH-stretch mode and to mode X, and hence, the delay dependence of the cross-peak intensity is governed by both time constants T 1 and τ. 24 Assuming that the population relaxation of both the NH-stretch mode and mode X occurs in a singleexponential manner, the excited-state populations of the NHstretch mode and mode X can be easily shown to be given by where the labeling of the states is as in Figure 6 . The NH-CO m.cycle cross peak is due to two contributions, (i) a coupling between the CO m.cycle -stretch and the NH-stretch mode and (ii) a coupling between the CO m.cycle -stretch and the accepting mode X. The delay-dependent cross-peak intensity is then given by where ∆ NH-CO is the NH-CO cross anharmonicity and ∆ X-CO the X-CO cross anharmonicity. Fitting this expression to the observed decay of the cross-peak intensity (with the ratio ∆ X-CO / ∆ NH-CO and an overall scaling factor as the free parameters), we obtain ∆ X-CO /∆ NH-CO ) 0.40 ( 0.01, which implies that the CO-stretch mode interacts more strongly with the NH-stretch mode than with the accepting mode X. The result of the fit and the corresponding populations n |10〉 (t) and n |00X〉 (t) are shown in Figure 6 . From this graph, it can be seen that, at short pumpprobe delays, the cross-peak intensity mainly represents the coupling between the CO and the NH modes, whereas at delays beyond ∼4 ps, it represents mainly the coupling between the CO and the X mode. This result clearly illustrates the importance of detailed knowledge of the relaxation dynamics for the interpretation of heterovibrational 2D-IR spectra.
IV. Conclusions
We have shown that heterovibrational 2D-IR spectroscopy can be used to probe the co-conformation of a rotaxane with picosecond time resolution. In particular, the angles between the NH and CO groups in the macrocycle and thread, indicated in Figure 1 , have been determined directly from the NH/CO cross-peak anisotropies. The cross anharmonicities are found to exhibit a similar sensitivity to the rotaxane co-conformation, and the observed large NH/CO thread cross anharmonicity suggests cooperativity of the macrocycle-thread hydrogen bonding.
Although 2D-IR experiments on moving molecular devices have not yet been performed, our results clearly demonstrate the feasibility of time-resolved dual-frequency 2D-IR experi-n |10〉 (t) ) e -t/T 1
n |00X〉 (t) ) T 1
I NH-CO (t) ) ∆ NH-CO ‚n |10〉 (t) + ∆ X-CO ‚n |00X〉 (t) (5) Figure 6 . Top: energy level diagram illustrating the effect of the vibrational relaxation of the NH-stretch mode on the CO-stretch mode of the macrocycle ring. Bottom: delay dependence of the NH-COm.cycle cross-peak intensity (red points) and a least-squares fit of eq 5 to the data (red curve). The excited-state populations of the NH-stretch mode and the accepting mode X are shown as the gray and green curves, respectively. ments in which externally triggered structural changes of molecular machines are measured with picosecond time resolution. By monitoring the appearance and disappearance of specific NH/CO cross peaks, the hydrogen-bond making and breaking at specific hydrogen-bonding sites of a molecular device can be observed separately and in real time, leading to a detailed picture of the device motion. We believe this will lead to insights into the functioning of molecular devices that are difficult to obtain with other experimental methods.
